The features of the ion -solid interaction most often used in microfabrication are implantation, sputtering (ion milling), and induced chemical reaction.
The main issue for both implantation and lithography is writing time. But even at the smallest beam diameters, channel doping (^1012 ions /cm2) and lithography are feasible over entire chips. In addition, recent developments suggest that an order of magnitude increase in current density may result from improved lens design.
For ion milling and chemical reactions simpler ion columns with Ga ions at lower energies: 10 -50 keV are used.
Commercial photomask repair systems mill off unwanted chrome and use ion induced deposition from an adsorbed gas to patch up holes in the chrome.
In similar, fashion x -ray lithography mask repair and integrated circuit repair are being developed.
Because of the important potential applications both in repair and in original device fabrication, the activity in the focused ion beam field has grown in the past five years. 
ABSTRACT
The features of the ion-solid interaction most often used in microfabrication are implantation, sputtering (ion milling), and induced chemical reaction. The novelty of focused ion beam fabrication is that most of these processes can now be carried out with better than 0.1 ym resolution without the use of mask or resist. For implantation the species available include the dopants of Si and GaAs (such as B, As, Be, and Si). Energies up to 300 keV are achieved if doubly ionized species are used. The focused ion beam systems can deliver a desired dose with 0.1 ym accuracy aligned to existing features on the wafer. So far, a number of applications of this unique maskless resistless patterning capability have been reported, including: threshold adjust of transistors, transistors fabricated with graded doping profiles and tunable Gunn diodes. In addition, focused ion beams promise to be competitive with e-beams for pattern writing in resist.
The main issue for both implantation and lithography is writing time. But even at the smallest beam diameters, channel doping (~10^2 ions/cm^) and lithography are feasible over entire chips. In addition, recent developments suggest that an order of magnitude increase in current density may result from improved lens design.
For ion milling and chemical reactions simpler ion columns with Ga ions at lower energies: 10 -50 keV are used. Commercial photomask repair systems mill off unwanted chrome and use ion induced deposition from an adsorbed gas to patch up holes in the chrome. In similar, fashion x-ray lithography mask repair and integrated circuit repair are being developed. Because of the important potential applications both in repair and in original device fabrication, the activity in the focused ion beam field has grown in the past five years.
INTRODUCTION
The interaction of ions of kilovolt energies with a solid surface is complex.
A number of effects are produced: several atoms are sputtered off, several electrons are emitted, chemical reactions may be induced, damage is produced (displaced atoms), and the incident ion embeds itself in the solid altering its properties.
Of these effects, ion implantation and sputtering are widely used in semiconductor device fabrication and in other fields.
In conventional fabrication, the surface is first covered with a patterned film by a lithographic process, and the implantation or sputtering produced by subjecting the entire wafer to a uniform dose is confined to the areas which are bare.
The capability to focus a beam of ions to submicrometer dimensions may be expected to greatly simplify device fabrication in some cases since the patterning and the processing are combined in one step in a single instrument.
This was recognized already 15 years ago when ions from a conventional implanter were focused to a beam of 3 pm diameter and used for patterned implantation of Si without a mask and for the exposure of PMMA(1).
The implanter source was not bright, and the current density in the beam spot on the sample was X10 -4 A /cm2.
As a result, any envisaged device processing was hopelessly slow.
Simultaneously, proton sources using a cryogenic field emitter were being developed for a scanning ion microscope(2)(3).
The development of the liquid metal ion source in the late 1970's was the next important milestone (4) .
It provided a bright source of ions of a variety of species.
The current density available at the sample increased by 4 orders of magnitude, and a gallium ion beam of O.1pm diameter and 1.5 A /cm2 current density was reported (5) . Next, the development of alloy sources which emitted a variety of ions and the fabrication of ion columns with mass separation further broadened the field of applications(6)(7). Now a beam of ions of the dopants of GaAs, such as Si or Be, or the dopants of Si, such as As and B became available. Thus, direct maskless, resistless fabrication could be carried out.
In this paper, the types of machinery will be briefly reviewed, and the applications to microfabrication will be discussed. This treatment will be brief and concentrate on applications in the semiconductor industry, since a more extensive review has recently been published(8).
MACHINERY
A focused ion beam system has three main parts:
the ion source as mentioned above; the ion optical column, including electrostatic lenses, beam deflectors, and possibly mass separators; and the sample stage.
The machine is like an e -beam lithography system except that ions, instead of electrons, are focused on the sample. A schematic of a focused ion beam system is shown in Figure 1 .
INTRODUCTION
The interaction of ions of kilovolt energies with a solid surface is complex. A number of effects are produced: several atoms are sputtered off, several electrons are emitted, chemical reactions may be induced, damage is produced (displaced atoms), and the incident ion embeds itself in the solid altering its properties. Of these effects, ion implantation and sputtering are widely used in semiconductor device fabrication and in other fields. In conventional fabrication, the surface is first covered with a patterned film by a lithographic process, and the implantation or sputtering produced by subjecting the entire wafer to a uniform dose is confined to the areas which are bare. The capability to focus a beam of ions to submicrometer dimensions may be expected to greatly simplify device fabrication in some cases since the patterning and the processing are combined in one step in a s ing1e ins t rument.
This was recognized already 15 years ago when ions from a conventional implanter were focused to a beam of 3 ym diameter and used for patterned implantation of Si without a mask and for the exposure of PMMA(l). The implanter source was not bright, and the current density in the beam spot on the sample was ~10"^ A/cm2 . As a result, any envisaged device processing was hopelessly slow. Simultaneously, proton sources using a cryogenic field emitter were being developed for a scanning ion microscope( 2 )(3)
The development of the liquid metal ion source in the late 1970 f s was the next important milestone'^). It provided a bright source of ions of a variety of species. The current density available at the sample increased by 4 orders of magnitude, and a gallium ion beam of O.lym diameter and 1.5 A/cm2 current density was reported^). Next, the development of alloy sources which emitted a variety of ions and the fabrication of ion columns with mass separation further broadened the field of applications'^)^) ^QW a beam of ions of the dopants of GaAs, such as Si or Be, or the dopants of Si, such as As and B became available. Thus, direct maskless, resistless fabrication could be carried out.
In this paper, the types of machinery will be briefly reviewed, and the applications to microfabrication will be discussed. This treatment will be brief and concentrate on applications in the semiconductor industry, since a more extensive review has recently been published^).
MACHINERY
A focused ion beam system has three main parts: the ion source as mentioned above; the ion optical column, including electrostatic lenses, beam deflectors, and possibly mass separators; and the sample stage. The machine is like an e-beam lithography system except that ions, instead of electrons, are focused on the sample. A schematic of a focused ion beam system is shown in Figure 1 . The focused ion beam systems can be divided into two classes: those with mass separation and those without. The systems with mass separation are generally more complex and are used for ion implantation or lithography (at this point, in the research mode), while the systems without mass separation are simpler having only one, or at most two, lenses and are used in micromachining, ion induced chemistry, and mask and circuit repair.
The properties are summarized in Table 1 . The focused ion beam systems can be divided into two classes: those with mass separation and those without. The systems with mass separation are generally more complex and are used for ion implantation or lithography (at this point, in the research mode), while the systems without mass separation are simpler having only one, or at most two, lenses and are used in micromachining, ion induced chemistry, and mask and circuit repair. The properties are summarized in Table 1 . There is a third type of focused ion system which we mention parenthetically, namely one employing a cryogenic gaseous field ion source(9)(10). These systems focus either He or H ions and are intended for lithography, i.e. exposure of resist. The sources are more complex, and tend to be unstable.
These systems are not as close to the application stage as those based on the simpler liquid metal ion source.
The liquid metal ion source, on the other hand, works remarkably well. Lifetimes of several hundred hours are reported (11)(12), as well as stable operation. A fundamental property of the liquid metal ion source, however, is that the ions are emitted with a few eV of spread in energy. This, combined with the chromatic aberrations of the electrostatic lenses (i.e. their focal length is a function of ion energy), limits the current density and beam diameter available on the sample. Although ion lenses are typically designed to reduce this aberration, one is nevertheless forced to operate with very small acceptance angles, '4mrad.
To be useful in microelectronic device fabrication, a focused ion beam system must deliver a desired dose with submicrometer resolution and submicrometer placement accuracy over extended areas.
In addition, the placement may need to be aligned to existing features.
Since the ion beam can typically be electrostatically deflected only a few hundred pm, the sample, i.e. stage, must be moved under the beam.
To achieve absolute placement accuracy, the electrostatic beam deflection must be calibrated relative to the stage motion.
The position of the stage is measured to ±0.01pm over large displacements using a laser interferometer.
Once this is done, field stitching can also be accomplished. We have recently demonstrated field stitching here the discontinuity across the field boundary is less than O.lpm (13) .
The alignment of focused ion beam features to existing features uses the imaging mode. The ion beam machine can be operated as a scanning ion microscope, exactly like a scanning electron microscope.
Thus, by moving the stage, existing features can be aligned to the scan field.
Some material is eroded in this process, but typically only a few monolayers. Alignment or overlay accuracy of 0.2pm has been reported with a statistically significant number of tests (14) .
Thus, focused ion beam systems can deliver a desired dose of ions with submicrometer resolution and placement accuracy anywhere on the surface of an entire wafer.
APPLICATIONS IN MICROELECTRONICS FABRICATION
The main reason for interest in focused ion beams is that a number of standard processing steps which require mask and resist can be carried out directly in a maskless, resistless process. This is illustrated in Fig. 2 . There is a third type of focused ion system which we mention parenthetically, namely one employing a cryogenic gaseous field ion source(9)(10) t These systems focus either He or H ions and are intended for lithography, i.e. exposure of resist. The sources are more complex, and tend to be unstable. These systems are not as close to the application stage as those based on the simpler liquid metal ion source.
The liquid metal ion source, on the other hand, works remarkably well. Lifetimes of several hundred hours are reported^H)(12) $ as we n as stable operation. A fundamental property of the liquid metal ion source, however, is that the ions are emitted with a few eV of spread in energy. This, combined with the chromatic aberrations of the electrostatic lenses (i.e. their focal length is a function of ion energy), limits the current density and beam diameter available on the sample. Although ion lenses are typically designed to reduce this aberration, one is nevertheless forced to operate with very small acceptance angles, ~lmrad.
To be useful in microelectronic device fabrication, a focused ion beam system must deliver a desired dose with submicrometer resolution and submicrometer placement accuracy over extended areas. In addition, the placement may need to be aligned to existing features. Since the ion beam can typically be electrostatically deflected only a few hundred ym, the sample, i.e. stage, must be moved under the beam. To achieve absolute placement accuracy, the electrostatic beam deflection must be calibrated relative to the stage motion. The position of the stage is measured to iO.Olym over large displacements using a laser interferometer. Once this is done, field stitching can also be accomplished. We have recently demonstrated field stitching where the discontinuity across the field boundary is less than O.lym^^). The alignment of focused ion beam features to existing features uses the imaging mode. The ion beam machine can be operated as a scanning ion microscope, exactly like a scanning electron microscope. Thus, by moving the stage, existing features can be aligned to the scan field. Some material is eroded in this process, but typically only a few monolayers. Alignment or overlay accuracy of 0.2ym has been reported with a statistically significant number of tests(l^). Thus, focused ion beam systems can deliver a desired dose of ions with submicrometer resolution and placement accuracy anywhere on the surface of an entire wafer.
The main reason for interest in focused ion beams is that a number of standard processing steps which require mask and resist can be carried out directly in a maskless, resistless process. This is illustrated in Fig. 2 As will be discussed below, focused ion beam fabrication is serial and of necessity slow. Nevertheless, a number of applications are practical. These applications in the fabrication of microelectronic devices can be grouped into two categories: original device fabrication, and repair or restructuring. We will discuss them using examples from the literature.
A. Device Fabrication
The area over which focused ion beam fabrication can be carried out in a reasonable length of time depends on the dose needed and on the beam diameter. (The maximum current density in the beam for a given species of ion is usually constant). This is illustrated in Fig. 3 Plot of the area which can be exposed in one minute vs. As will be discussed below, focused ion beam fabrication is serial and of necessity slow. Nevertheless, a number of applications are practical. These applications in the fabrication of microelectronic devices can be grouped into two categories: original device fabrication, and repair or restructuring. We will discuss them using examples from the literature.
A. Device Fabrication
The area over which focused ion beam fabrication can be carried out in a reasonable length of time depends on the dose needed and on the beam diameter. (The maximum current density in the beam for a given species of ion is usually constant). This is illustrated in Fig. 3 . Fig. 3 Plot of the area which can be exposed in one minute vs. Thus, for example, with a 1pm beam, the dose needed for MOS transistor channel doping for threshold adjustment can be delivered to a lcm2 area in about one minute. Since the channel area which needs this dose makes up only a small fraction of the area of a chip, threshold adjustment by focused ion beams is practical over entire wafers. Threshold adjust has in fact been reported for both n-channel and p-channel devices (15) .
In this demonstration, 10 transistors were fabricated side by side, each with an incrementally different dose.
Both As and B were implanted from the same source in a single fabrication step (15) . To achieve the same result in conventional fabrication would have required twenty masks twenty lithography steps, and twenty implanter runs.
In addition to special production, focused ion beam implantation is also a useful tool for device prototyping.
A number of transistors or other devices can be fabricated side by side, each with a different dose and with variations in geometry.
Thus, parameters of a process can be varied and optimized without using a large number of wafers and a large number of fabrication steps.
Another mode of exploiting the unique features of focused ion beam implantation is to vary the dosa laterally, from point to point within a device, for example by creating a gradient. This has been used to make gradients in bipolar transistors to enhance performance (16) .
A stripe geometry has been implanted into the channels of GaAs MESFET's to produce an increase in transconductance and a two fold increase in output resistance. (17) MOSFET's with a focused ion beam implanted stripe in the middle of the channel have shown 80% higher grain and 20% higher breakdown voltage (18) .
At MIT we have fabricated tunable Gunn diodes by producing a gradient of Si doping between the contacts. This results in an oscillation frequency which is tunable from 6 to 23 GHz as the DC bias is varied(-9). These applications illustrate novel devices or device geometries which are not possible to achieve by conventional fabrication.
Another, much less radical, but potentially important, application is to lithography, i.e. the exposure of resists. Here focused ion beams may eventually be preferred to electron beams. At the moment, electron beam lithography is an established and widely used technology, while ion beams are in their infancy. The advantages of ion beams are little or no proximity effect (20) and, for small dimensions, a higher writing speed (21) . Electrons incident on a resist covered substrate scatter over many microns. This creates a background dose in the proximity of an exposed feature. Ions scatter much less and deposit their energy in a well defined volume. Higher pixel exposure rate in ions than electrons has been predicted by a statistical analysis (21) . This advantage increases as dimensions shrink well into the submicron range. Although focused ion beam lithography has been impressively demonstrated in limited areas, e.g. 50 nm linewidth in 300nm thick resist. (20) Large scale exposure of wafers or masks which would permit a direct comparison to e-beams have not yet been reported.
Applications of focused ion beams in device implantation or in lithography are still in the research stage while in the area of repair of photomasks they have moved into production. Thus, for example, with a lym beam, the dose needed for MOS transistor channel doping for threshold adjustment can be delivered to a Icm^ area in about one minute. Since the channel area which needs this dose makes up only a small fraction of the area of a chip, threshold adjustment by focused ion beams is practical over entire wafers. Threshold adjust has in fact been reported for both n-channel and p-channel devices^*), in this demonstration, 10 transistors were fabricated side by side, each with an incrementally different dose. Both As and B were implanted from the same source in a single fabrication step^^^. To achieve the same result in conventional fabrication would have required twenty masks twenty lithography steps, and twenty implanter runs.
In addition to special production, focused ion beam implantation is also a useful tool for device prototyping. A number of transistors or other devices can be fabricated side by side, each with a different dose and with variations in geometry. Thus, parameters of a process can be varied and optimized without using a large number of wafers and a large number of fabrication steps.
Another mode of exploiting the unique features of focused ion beam implantation is to vary the dose laterally, from point to point within a device, for example by creating a gradient. This has been used to make gradients in bipolar transistors to enhance performance^-^). A stripe geometry has been implanted into the channels of GaAs MESFET ! s to produce an increase in transconductance and a two fold increase in output resistance.(1?) MOSFET's with a focused ion beam implanted stripe in the middle of the channel have shown 80% higher grain and 20% higher breakdown voltage(l^). At MIT we have fabricated tunable Gunn diodes by producing a gradient of Si doping between the contacts. This results in an oscillation frequency which is tunable from 6 to 23 GHz as the DC bias is varied (19) . These applications illustrate novel devices or device geometries which are not possible to achieve by conventional fabrication.
Another, much less radical, but potentially important, application is to lithography, i.e. the exposure of resists. Here focused ion beams may eventually be preferred to electron beams. At the moment, electron beam lithography is an established and widely used technology, while ion beams are in their infancy. The advantages of ion beams are little or no proximity effect(20; and, for small dimensions, a higher writing speed (21) . Electrons incident on a resist covered substrate scatter over many microns. This creates a background dose in the proximity of an exposed feature. Ions scatter much less and deposit their energy in a well defined volume. Higher pixel exposure rate in ions than electrons has been predicted by a statistical analysis (21) . This advantage increases as dimensions shrink well into the submicron range. Although focused ion beam lithography has been impressively demonstrated in limited areas, e.g. 50 nm linewidth in 300nm thick resist. Since the interventions are usually in a small number of sites, the issue of speed is not so important. The ability to image the sample and to easily program the deflection of the beam are key advantages.
For both mask repair or circuit repair we need to be able to remove material as well as to deposit material.
The removal of material is usually done by ion milling.
Broad beam ion milling is a widely used means of material removal.
Usually Ar+ ions at a few hundred eV are used.
In focused ion beam milling the energy is higher but the principle is the same. With Ga+ ions in the 20 -70 keV range the yield (number of atoms removed /incident ions) is usually 2 to 4.
Ref. 8. In milling high aspect ratio (deep and narrow) holes redeposition becomes important.
For example if a hole is milled in a single scan, its profile will be very distorted..22) On the other hand, if repeated scans are used, one can mill holes with at least a 1:1 aspect ratio with square profiles.
One way to enhance the material removed rate is to produce a local gas ambient of a reactive gas such as C12. Ref. 23 . The gas ambient may be produced by enclosing the sample in a box into which the ion beam is incident through a small hole.
Alternatively, one can feed the gas to the surface using a miniature nozzle as shown in Fig. 4 .
A local pressure on the surface of 5 -20 in torr can be produced while the pressure in the chamber remains in an acceptable range ( -10 -6 Torr). Schematic of a focused ion beam system, sample chamber, and capillary gas feed, used in ion induced deposition or etching.
For the addition of material the same apparatus Fig. 4 Gold films have been deposited (25) from dimethyl gold hexafluoro acetylacetonate with 0.5 um linewidth and resistivity p "500 'IQ cm (for bulk gold p = 2.5 pS2 cm). With argon ions from an implanter similar resistivity values are observed, except if the sample is beated to 100 -160 °C. Then the resistivity drops to near the bulk value. (26) 78 / SPIE Vol. 923 Electron -Beam, X -Ray, and lon -Beam Technology: Submicrometer Lithographies VII (1988)
B. Repair of Masks or Circuits
For repair or restructuring in microelectronics the focused ion beam is an ideal tool. Since the interventions are usually in a small number of sites, the issue of speed is not so important. The ability to image the sample and to easily program the deflection of the beam are key advantages. For both mask repair or circuit repair we need to be able to remove material as well as to deposit material.
The removal of material is usually done by ion milling. Broad beam ion milling is a widely used means of material removal. Usually Ar+ ions at a few hundred eV are used. In focused ion beam milling the energy is higher but the principle is the same. With Ga~*" ions in the 20-70 keV range the yield (number of atoms removed/incident ions) is usually 2 to 4. Ref. 8 . In milling high aspect ratio (deep and narrow) holes redeposition becomes important. For example, if a hole is milled in a single scan, its profile will be very distorted. (22) Qn the other hand, if repeated scans are used, one can mill holes with at least a 1:1 aspect ratio with square profiles.
One way to enhance the material removed rate is to produce a local gas ambient of a reactive gas such as Cl2« Ref. 23 . The gas ambient may be produced by enclosing the sample in a box into which the ion beam is incident through a small hole. Alternatively, one can feed the gas to the surface using a miniature nozzle as shown in Fig. 4 . A local pressure on the surface of 5-20 in torr can be produced while the pressure in the chamber remains in an acceptable range (~10~" Torr). The ability to deposit a conducting film is important for the repair of integrated circuits while for the repair of photomasks the film merely has to be opaque. In fact, hydrocarbon gas is often used in this case and carbon is deposited.
i.
Photomask repair.
So far the only commercially proven application of focused ion beams is in photomask repair. (27, 28, 29) An opaque defect is repaired simply by milling off the unwanted chrome. This is illustrated in Fig. 5 . The length of milling must be calibrated so that it can be stopped when all of the chrome has been removed. As the thickness of the remaining chrome approaches zero the milling ions are implanted in the glass. For Ga ions this doping can produce a 15% reduction in transmission. One reported way of overcoming this unwanted effect is to subject the entire mask to a short reactive ion etch in a gas of CHF3 AND 02 Ref.
(other methods are proprietary.)
The repair of clear defects (absence of chrome) is done by ion induced deposition.
A gas, usually a hydrocarbon (31) , is fed to the area which is being scanned by the beam. An opaque film of carbon is deposited. This method of mask repair is increasingly in use.
At least two dozen mask repair systems are operating mostly in the US and Japan. These systems are able to accept defect location data from automatic mask inspection machines, and position each defect in turn under the ion beam.
There it is inspected by the operator in the scanning ion microscope mode and the area to be repaired is defined, usually with a "mouse ", and either milling or deposition is carried out with a placement and dimensional accuracy of 0.1 pm.
The repair of x -ray lithography masks is a natural extension. However, it has not yet been entirely demonstrated even in the laboratory. The difficult requirement is that a high atomic number material (such as An or W) needs to be deposited with better than 0.1 pm resolution and with high aspect ratio. The ability to deposit a conducting film is important for the repair of integrated circuits while for the repair of photomasks the film merely has to be opaque. In fact, hydrocarbon gas is often used in this case and carbon is deposited.
i. Photomask repair.
So far the only commercially proven application of focused ion beams is in photomask repair. (27, 28, 29 ; ^n Opaque defect is repaired simply by milling off the unwanted chrome. This is illustrated in Fig. 5 . The length of milling must be calibrated so that it can be stopped when all of the chrome has been removed. As the thickness of the remaining chrome approaches zero the milling ions are implanted in the glass. For Ga ions this doping can produce a 15% reduction in transmission. One reported way of overcoming this unwanted effect is to subject the entire mask to a short reactive ion etch in a gas of CHF3 AND 02 Ref.
The repair of clear defects (absence of chrome) is done by ion induced deposition. A gas, usually a hydrocarbon^-O 9 ±s fed to the area which is being scanned by the beam. An opaque film of carbon is deposited. This method of mask repair is increasingly in use. At least two dozen mask repair systems are operating mostly in the US and Japan. These systems are able to accept defect location data from automatic mask inspection machines, and position each defect in turn under the ion beam. There it is inspected by the operator in the scanning ion microscope mode and the area to be repaired is defined, usually with a "mouse", and either milling or deposition is carried out with a placement and dimensional accuracy of 0.1 ym.
The repair of x-ray lithography masks is a natural extension. However, it
has not yet been entirely demonstrated even in the laboratory. The difficult requirement is that a high atomic number material (such as An or W) needs to be deposited with better than 0.1 ym resolution and with high aspect ratio.
ii.
Repair or modification of circuits or devices.
There are several differences between the repair of integrated circuits and the repair of photomasks. The layers that need to be milled through are usually thicker, approximately 1 pm, while in photomasks they are less than 0.1 pm.
If a conductor is cut, there should be no residual conductivity. A break in a conductor can be repaired by ion induced deposition of a metal film at the desired location.
However, this film has to be a conductor and has to make good electrical contact with existing films. So far only the cutting of conductors has been reported. (32, 33, 34) Except for schemes involving redeposition of milled metal (34) conducting films have only been deposited on test structures.(L5)
The time taken to mill and deposit can be significant.
To remove 1 pm3 would take 4 sec. assuming a beam of 0.1 pm diameter at a current density of 4 A /cm2 and a yield of 5 atoms per incident ion for a substrate of density 5 x 1022 atoms /cm3.
Deposition can in principle be an order of magnitude faster. However, here the speed may be more dependent on the supply of absorbed metal bearing gas.
Speed can also be traded for resolution.
For example, with a 0.3 pm diameter beam the milling time would be a factor of 10 less.
Another area of device modification is semiconductor lasers. The focused ion beam appears to be able to mill the mirror ends of diode lasers with very little degradation of performance.
In this way wedge shaped grooves have been milled into lasers where one edge of the groove which is normal to the surface acts as a laser mirror while the other edge which is at 45° reflects the light out of the plane of the surface. (35, 36) This kind of structure is of great interest in laser array fabrication.
To mill these more complex structures the beam scanning has to be appropriately programmed. (37) 
CONCLUSIONS AND PROJECTIONS
We have briefly reviewed the focused ion beam technology and described some of the applications in microelectronics, with only selected references to the literature.
A more complete recent review, (8) The field is growing rapidly.
Since the writing of the review, Ref. 8, the authors bibliography of papers from the literature has almost doubled.
The understanding and characterization of the ion sources has advanced. (38) Also, better designs of electrostatic lenses project an increase in ion current density available on the sample of a factor of thirty. (39, 40) Even if only part of this improvement can be realized in practice, more applications will be brought closer to reality.
In addition, the development of better machine control is steadily advancing the integration of focused ion beam patterning into semiconductor device processing.` ii. Repair or modification of circuits or devices.
There are several differences between the repair of integrated circuits and the repair of photomasks. The layers that need to be milled through are usually thicker, approximately 1 urn, while in photomasks they are less than 0.1 ym. If a conductor is cut, there should be no residual conductivity. A break in a conductor can be repaired by ion induced deposition of a metal film at the desired location. However, this film has to be a conductor and has to make good electrical contact with existing films. So far only the cutting of conductors has been reported. (32, 33, 34) Except for schemes involving redeposition of milled metal.(34) conducting films have only been deposited on test structures. ( 25 ) The time taken to mill and deposit can be significant. To remove 1 ym3 would take 4 sec. assuming a beam of 0.1 ym diameter at a current density of 4 A/cm^ and a yield of 5 atoms per incident ion for a substrate of density 5 x 10^2 atoms/cm^. Deposition can in principle be an order of magnitude faster. However, here the speed may be more dependent on the supply of absorbed metal bearing gas. Speed can also be traded for resolution. For example, with a 0.3 ym diameter beam the milling time would be a factor of 10 less.
Another area of device modification is semiconductor lasers. The focused ion beam appears to be able to mill the mirror ends of diode lasers with very little degradation of performance. In this way wedge shaped grooves have been milled into lasers where one edge of the groove which is normal to the surface acts as a laser mirror while the other edge which is at 45° reflects the light out of the plane of the surf ace. ^-35, 36) This kind of structure is of great interest in laser array fabrication. To mill these more complex structures the beam scanning has to be appropriately programmed. The field is growing rapidly. Since the writing of the review, Ref. 8, the authors bibliography of papers from the literature has almost doubled. The understanding and characterization of the ion sources has advanced. ( 38 ) Also, better designs of electrostatic lenses project an increase in ion current density available on the sample of a factor of thirty. (39, 40) Even if only part of this improvement can be realized in practice, more applications will be brought closer to reality. In addition, the development of better machine control is steadily advancing the integration of focused ion beam patterning into semiconductor device processing. (41, 42) In spite of these advances most focused ion beam applications are still in the research stage. The only exception is photomask repair. The extension to x -ray mask repair and circuit repair is likely.
The use of focused ion beams in microcircuit production may be approaching.
In addition to the advances in machinery, other trends favor this development.
The increased use of application specific integrated circuits (ASIC's) may eventually favor the flexibility offered by focused ion beams.
If in -situ processing gains acceptance, the integration of focused ion beam is natural.
This has in fact been demonstrated by combining a focused ion beam implanter with an MBE system. (43) Buried patterned structures have been grown. (43) The increased use of III -V semiconductors also will favor focused ion beams. Here high performance is often more important than cost, and large variety of devices combining optical and electronic function may need to be fabricated on a given chip.
In spite of these advances most focused ion beam applications are still in the research stage. The only exception is photomask repair. The extension to x-ray mask repair and circuit repair is likely. The use of focused ion beams in microcircuit production may be approaching. In addition to the advances in machinery, other trends favor this development. The increased use of application specific integrated circuits (ASIC's) may eventually favor the flexibility offered by focused ion beams. If in-situ processing gains acceptance, the integration of focused ion beam is natural. This has in fact been demonstrated by combining a focused ion beam implanter with an MBE system.(43) Buried patterned structures have been grown. (43) xhe increased use of III-V semiconductors also will favor focused ion beams. Here high performance is often more important than cost, and large variety of devices combining optical and electronic function may need to be fabricated on a given chip.
